Introduction
============

Water columns in the xylem are usually under negative pressure and therefore vulnerable to cavitation ([@bib38]). Excessive cavitation is unfavourable to plant function as it decreases the hydraulic conductance of the xylem and threatens the supply of water to the leaves. If a plant does not respond by stomatal closure to prevent excess cavitation, it would progressively spread to fill the entire xylem in 'run-away' cavitation and the plant could die of dehydration ([@bib37]; [@bib23]). Various tree species have been shown to maintain stomatal conductance and xylem water potential above values that would lead to this excess cycle of xylem cavitation ([@bib34]; [@bib11]; [@bib1]; [@bib16]; [@bib33]; [@bib15]; [@bib3]). Whether the stomata respond to leaf water potentials which correspond to the onset of significant amounts of cavitation or directly to a signal created by cavitation events themselves is not known ([@bib44]; [@bib28]; [@bib33]; [@bib8]).

Despite its unfavourable effect on xylem hydraulic conductance, cavitation is hypothesized to relieve water stress temporarily (Meinzer *et al.*, 2001*a*). Following the entry of an air bubble into a conduit, water is quickly sucked out of the embolizing conduits into the surrounding tissue ([@bib14]), and the water potential in the plant should be transiently increased ([@bib22]; [@bib12]). Cavitation is therefore hypothesized to act as a water release mechanism. Its importance as a capacitive water release mechanism has been predicted to increase with increasing plant size ([@bib12]). Water tension release due to cavitation has also been observed as temporary reversal of stem diameter shrinkage with increasing water loss in Norway spruce stems ([@bib31], [@bib32]).

This study was designed to quantify the capacitive effect of cavitation on plant water balance directly. Experimental results on the leaf water potential and transpiration rates during the capacitive phase of cavitation on Scots pine seedlings were compared with model predictions of an earlier theoretical study on the subject ([@bib12]). The second goal was to answer the question of whether the stomata sense cavitation events directly or whether stomatal closure is merely 'programmed' to occur at water potentials which correspond to the inception of cavitation. In normal conditions, these two control mechanisms to avoid excess cavitation might be very difficult to differentiate as both typically occur simultaneously ([@bib8]). To uncouple these two mechanisms, a surfactant was used to lower the surface tension of water in the xylem transpiration stream so that cavitation would occur at substantially higher water potentials compared with natural conditions.

Materials and methods
=====================

Four-year-old grafted Scots pine seedlings (clone E618, Suomenniemi, Finland, 61°20′, 27°05′) were used as plant material. The seedlings had been grown in large pots outdoors at the Helsinki University campus in Viikki, Helsinki, Finland) until the start of the experiment and were well watered.

The experiments were conducted during June and July 2010 in a laboratory of the Department of Forest Sciences, University of Helsinki. Seedlings were cut at the base of the stem and then re-cut under water in a container. Two double saw-cuts, made radially approximately halfway to the stem, were performed at the base of the seedlings to reduce the total hydraulic conductance. This was done to promote the occurrence of lower water potentials to ensure the occurrence of cavitation.

The seedlings were illuminated from one side with a light source (HMS-100, Emil Niethammer GmbH, Germany) using a mercury lamp with a daylight spectrum (Metallogen HMI, 1200 W/GS, OSRAM GmbH, Berlin, Germany). Light intensity was approximately 1000 μmol m^−2^ s^−1^. The light intensity experienced by the seedling was ascertained with a PAR Sensor (Li-190 Quantum sensor, Li-Cor, Lincoln NE, USA). Aluminium foil was placed on the opposite side from the light source, behind the seedling, so that the whole seedling received illumination as uniform as possible. VPD in the laboratory was kept as constant as possible, being on average 2.05±0.40 kPa and 1.90±0.43 kPa, in treatment and control runs, respectively.

The surfactant used was Tween 80. The surfactant was added slightly above its micellar concentration (0.5% v/v), so that the surface tension of the water decreased to 36 N m^−1^ ([@bib4]), that is, to half of its original value. Experiments conducted with both angiosperm ([@bib10]; [@bib35]; [@bib6]) and gymnosperm ([@bib9]) species have confirmed that cavitation water potential will increase in linear proportion to the decrease in surface tension. This linear relationship can be deduced from the Laplace equation (although it is not so obvious for tracheids with a torus-margo structure) and has also been experimentally confirmed for Scots pine ([@bib9]).

After the initial measurement phase when the seedling had reached steady-state, that is, transpiration rate and xylem water potential remained relatively constant, the surfactant was added to the water container where the cut seedling was placed. Water in the container was then mixed vigorously. The surfactant treatment was conducted with 11 replications (referred to hereafter as 'treatment runs').

To estimate potential errors and inaccuracies in our measurement protocol, six control runs were performed, where no surfactant was added to the water taken up by the seedlings. The control runs were otherwise performed in a similar way to the treatment runs and there was no difference in the time of the day, season or the size of the seedlings between the control and the treatment.

Gas exchange measurements
-------------------------

CO~2~ exchange and transpiration were followed by using the portable gas-exchange measuring system GFS-3000 (Heinz Walz GmbH, Effeltrich Germany). Four needle pairs were carefully placed in the measurement cuvette, through tiny holes in the insulation gaskets. This ensured that there were no leakages from the cuvette. The light level inside the cuvette was set at 1000 μmol m^−2^ s^−1^. Temperature and water vapour concentration inside the cuvette was set to track ambient values so that the needles inside the cuvette experienced the same conditions as the whole plant. Measurements were started approximately 1 h after the seedlings were detached from their roots and the saw-cuts made. After the measurement, the needles were photographed and the projected needle area was calculated by image analysis. The data were recorded as running averages over 10 min of measurements made every 10 s.

Other measurements
------------------

Needle water potential was measured with a custom-made pressure bomb. Needles for the measurements were excised randomly from the main stem. Running averages over five consecutive measurements of the leaf water potential values were calculated. This was done to 'smooth' the fluctuation in the leaf water potential measurement values that could have been caused by the slightly uneven positioning and water balance (especially during the capacitive phase) of the needles.

To quantify how much water had been lost from the xylem during the experiment, a sample of approximately 2 cm was taken from the stem base before and after (above the double saw-cuts) the experiment. The weight and volume of the stem sample was measured to determine fresh wood xylem density (mass of the fresh sample divided by its volume) after the bark, phloem, and cambium were peeled off. The relative water content of the needles was also calculated after the measurement using the measured fresh, saturated, and dry mass (all measured from the same needles).

Calculation of the apparent hydraulic conductance
-------------------------------------------------

Hydraulic conductance (*k,* mmol m^2^ Pa^−1^ s^−1^) of the whole xylem pathway is calculated by dividing the transpiration rate (*E*, mmol m^−2^ s^−1^) by the water potential difference over the pathway (*P*, Pa). The water potential difference (soil water potential minus leaf water potential) is now the same as the additive inverse of water potential in the leaves, because the pressure at the lower end of the stem is zero, as it is immersed in free water. Therefore,

The use of this equation implicitly assumes that xylem transport is in steady-state. The apparent hydraulic conductance is also calculated with [equation (1)](#fd1){ref-type="disp-formula"}, but now a steady-state need not be assumed. The apparent hydraulic conductance is always equal to the hydraulic conductance in steady-state, but will transiently differ from the 'real' hydraulic conductance if there is capacitance, that is, water movement to or from water stores along the pathway. For example, the apparent hydraulic conductance will increase while the hydraulic conductance remains constant when water from surrounding tissue, capillary spaces or cavitating conduits ([@bib40]) is released into the transpiration stream.

Statistical analyses
--------------------

A non-parametric Mann--Whitney test was used to detect significant differences in key variables between treatment and control groups. Non-parametric statistics were used due to the small and variable sample size of the data.

Differences in the regression models of stomatal conductance versus CO~2~ assimilation rate (of the type *y*=*a*x/(*b*+x)), or in the linear regression of leaf water potential versus stomatal conductance (of the type *y*=*a*x+*b*) between treatment and control runs were evaluated by calculating Student's distribution *t* parameter for the difference in the slope parameter *a* between models, *a*~t~ and *a*~c~, where the subscripts refer to treatment or control points, respectively, as:where *se*~t~ and *se*~c~ are the standard errors associated with parameters *a*~t~ and *a*~c~, respectively. The *P*-value was computed from the *t* statistic and with df=*n*~t~+*n~c~*--4, where df is the degrees of freedom. Because the points in the treatment runs presented a larger distribution range compared with the points in the control runs, only those points from the treatment runs falling within the range encountered in the control runs were used in the analysis. Analyses were performed with SYSTAT 12 (Systat Software Inc, Chicago, IL, USA).

Model runs
----------

Results from the experiment were compared with modelling predictions produced with a simplified version of an earlier published numerical model ([@bib12]). The model calculates transient xylem water potential and the propagation of cavitation using xylem hydraulic conductance, a vulnerability curve to cavitation (Pammenter and Willingen, 1998), xylem sapwood cross-sectional area, plant bulk elastic modulus, plant height, and the transpiration rate as inputs. The model takes into account both the decrease in hydraulic conductance due to cavitation and water release to the transpiration stream by cavitation, i.e. the capacitive effect. The total xylem volume, xylem hydraulic conductance, and whole seedling transpiration rate ([Table 1](#tbl1){ref-type="table"}) were estimated from the experimental data and used as inputs to the model. The transpiration rate was estimated so that the model run transit time (total amount of water in xylem divided by transpiration rate) was equal to the time it took for the peak in apparent hydraulic conductance to be reached in the experiment after the addition of the surfactant. The transpiration value used was also confirmed to be of the right magnitude by a gravimetric measurement conducted in a few experiments where the weight loss rate from the seedling plus the pot was measured (not shown). The elastic modulus (*E*~m~), which specifies how much water potential changes for a given change in the amount of water in the whole plant (see equation S6 of the [Supplementary data](http://jxb.oxfordjournals.org/cgi/content/full/err349/DC1) at *JXB* online) was estimated, assuming that approximately 1% of the transpiration need could be withdrawn from elastic storage within the plant.

###### 

Parameterization used in the model runs

  Parameter                                                      Value                                                                  Reference
  -------------------------------------------------------------- ---------------------------------------------------------------------- ------------------------------------------------------------------------
  Tree height (*h*)                                              0.5 m                                                                  Measured
  Whole xylem volume (*V*)                                       30×10^--6^m^3^ weight divided by 2.5)                                  Measured (seedling total fresh
  Transpiration rate (*E*)                                       7.5×10^−9^ m^3^s^−1^                                                   Estimated from the experiment^*a*^
  Whole xylem hydraulic conductance (*k*) (without cavitation)   3.5×10^−15^ m^3^Pa^−1^ s^−1^                                           Calculated from measured transpiration and leaf water potential values
  Proportion of resistance in the double 'saw-cut'               50%                                                                    Measured
  Parameter *b* in cavitation vulnerability curve                --3 MPa, modified in linear proportion to surface tension              Estimated from Cochard (1991)
  Parameter *a* in cavitation vulnerability curve                4.5×10^−6^ Pa^−1^, modified in inverse proportion to surface tension   Estimated from Cochard (1991)
  Bulk elastic modulus of the seedling (*E*~m~)                  20 MPa                                                                 Estimated

Estimated so that the model run transit time (amount of water in xylem divided by transpiration rate) was equal to the time it took for the peak in apparent hydraulic conductance to be reached in the experiment after the addition of the surfactant. The transpiration value used was also confirmed to be of the right magnitude by gravimetric measurements conducted in a few experiments (not shown).

The vulnerability curve, i.e. the function between xylem water potential and the proportional loss of hydraulic conductance due to cavitation was estimated from the literature. The value used for PLC 50 was --3.0 MPa ([@bib7]). This value may include a lot of uncertainty since xylem vulnerability could vary considerably in different parts of trees, and also between juvenile and mature wood in adult trees. However, the absolute value of PLC 50 is not critical for the interpretation of the results. The PLC 50 value could also be approximated from the dynamics of the apparent hydraulic conductance in the treatment runs. Leaf water potential is approximately --1.5 MPa at the time when the apparent hydraulic conductance is half in relation to the initial hydraulic conductance (see Results). This corresponds to a PLC 50 of --3.0 MPa when the lowered surface tension is taken into account.

The vulnerability curve to cavitation was corrected so that the total amount of cavitation at any given water potential increased in a linear proportion to the decrease in surface tension ([@bib9]). The amount of xylem volume filled by air was assumed to be linearly proportional to the loss of hydraulic conductance ([@bib39]). It is recognized, however, that more complicated relations could occur between the amount of water in the xylem and hydraulic conductance. Surface tension of the xylem sap was modelled to decrease in linear proportion to the penetration height of the surfactant into the seedling. The penetration height of surfactant was calculated to be the time elapsed from the addition of the surfactant multiplied by the sap flow velocity given by the model.

The model was run under a range of different scenarios and parameterizations. The purpose of the modelling was qualitatively to demonstrate the water relation dynamics during the experiments and also to demonstrate how the variability in some key parameters, such as plant size, stomatal control, and initial hydraulic conductance may cause the observed variability between the individual treatment runs. The model predictions were not, therefore, compared against the experimental results. The model is described and the model equations are given in the [Supplementary data](http://jxb.oxfordjournals.org/cgi/content/full/err349/DC1) at *JXB* online.

Results
=======

[Figure 1](#fig1){ref-type="fig"} shows the dynamics of two typical treatment runs (A--D) and one control run (E, F). Leaf water potential and apparent hydraulic conductance ([Fig. 1A, C](#fig1){ref-type="fig"}) increased shortly after the addition of the surfactant. The same pattern was observed in all of the treatment runs. This so-called 'capacitive phase' reached its peak typically approximately 1 h after the addition of the surfactant, after which the leaf water potential and apparent hydraulic conductance started to decrease to a level much lower than that before the addition of the surfactant. Rapid stomatal closure ([Fig. 1A, C](#fig1){ref-type="fig"}) started when the capacitive phase of cavitation had passed and leaf water potential and apparent hydraulic conductance had decreased below their initial values. Stomatal conductance, leaf water potential, and other variables remained quite constant in the control runs ([Fig. 1E, F](#fig1){ref-type="fig"}), but small variations were detectable, mainly due to small variation in VPD.

![Dynamics of leaf water potential, stomatal conductance, transpiration, and photosynthesis rates, VPD, and the apparent hydraulic conductance for two of the treatment runs (A--D) and one control run (E, F). Time zero corresponds to the addition of the surfactant in the treatment runs. These examples represent the typical behaviour observed during the treatment and control runs.](jexboterr349f01_ht){#fig1}

The apparent hydraulic conductance peaked, on average, at a value of 1.67±0.59 (mean ±standard deviation, normalized to its value at the time of the addition of the surfactant; see [Table 2](#tbl2){ref-type="table"}). The peak occurred, on average, 65±31 min after the addition of the surfactant. Stomatal conductance increased during the capacitive phase in seven of the 11 cases and the average peak stomatal conductance (normalized to the time of the addition of the surfactant) was 1.15±0.18 during the capacitive phase. The dynamics of the transpiration rate were very similar to the dynamics of stomatal conductance as VPD varied very little during each run. Leaf water potential increased during the capacitive phase in all except one case, and the average increase was 0.46±0.21 MPa relative to the time of the addition of the surfactant.

###### 

Characterization of key variables and evaluation of differences between treatment and control runs. With *n*(treatment)=11, *n*(control)=6

  Variable                                                                       Treatment (average and standard deviation)   Control (average and standard deviation)   Mann-Whitney (U)   P-value (Statistically significant at *P*\<0.05 are in bold font)
  ------------------------------------------------------------------------------ -------------------------------------------- ------------------------------------------ ------------------ -------------------------------------------------------------------
  Maximum apparent hydraulic conductance *E*/*P* (mmol m^−2^ s^−1^ Pa^−1^)^\*^   1.67±0.59                                    1.16±0.23                                  11                 **0.027**
  *E/P* at the end of the experiment (mmol m^−2^ s^−1^ Pa^−1^)                   0.38±0.46                                    0.97±0.38                                  55                 **0.027**
  Min *E/P* (mmol m^−2^ s^−1^ Pa^−1^)^\*^                                        0.38±0.46                                    0.80±0.18                                  53                 **0.044**
  Time of maximum *E/P*(min)^*b*^                                                65±31                                        Not applicable                             --                 --
  Maximum stomatal conductance (mmol m^--^ s^−1^)^*a*,*d*^                       1.15±0.18                                    1.17±0.17                                  37                 0.687
  Time of maximum stomatal conductance (min)                                     62.7±48.1                                    Not applicable                             --                 --
  Stomatal conductance at the end of the experiment (mmol m^−2^ s^−1^)^*a*^      0.426±0.344                                  1.03±0.28                                  60                 **0.007**
  Minimum stomatal conductance (mmol m^−2^ s^−1^)^\*^                            0.426±0.344                                  0.896±0.13                                 58                 **0.012**
  Maximum leaf water potential (MPa)                                             --0.68±0.13                                  --1.03±0.21                                61                 **0.005**
  Maximum leaf water potential (MPa)^*a*^                                        0.76±0.22                                    0.93±0.11                                  53                 **0.044**
  Minimum leaf water potential (MPa)                                             --2.0±0.91                                   --1.39±0.27                                20                 0.190
  Water potential at stomatal closure (MPa)                                      --1.37±0.48                                  Not applicable                             --                 --
  Time of stomatal closure (min)^*b,c*^                                          139.0±49                                     Not applicable                             --                 --
  *E/P*at stomatal closure (mmol m^−2^ s^−1^ Pa^−1^)^*a*^                        0.95±0.29                                    Not applicable                             --                 --
  Initial stomatal conductance (mmol m^−2^ s^−1^)                                165.6±90.3                                   144.9±24.9                                 28                 0.615
  Initial transpiration rate *E*(mmol m^−2^ s^−1^)                               3.17±1.50                                    2.62±0.53                                  28                 0.615
  Initial CO~2~ assimilation rate (?mol m^−2^ s^−1^)                             16.2±6.0                                     16.6±3.4                                   36                 0.736
  VPD (kPa)                                                                      2.05±0.40                                    1.90±0.43                                  27                 0.546
  Initial water potential (MPa) Fresh wood xylem density^*e*^                    --1.06±0.36                                  --1.07±0.20                                35.5               0.801
  (g cm^−3^)                                                                     0.83±0.04                                    0.90±0.06                                  20                 0.088
  Leaf relative water content^*f*^ (%)                                           75±20                                        94±7                                       28                 0.088

Expressed relative to value at time zero, i.e. at the time of the addition of the surfactant.

Time after the addition of the surfactant.

Stomatal closure was judged to occur when the decrease in the stomatal conductance (time averaged over 10 min) was more than 0.01 mmol m^−2^ s^--1^until the experiment ended or the stomatal conductance had decreased practically to zero. This corresponded well to the moment when stomatal conductance could be seen to decrease 'sharply' by a subjective inspection of the data.

Although the maximum stomatal conductance did not differ between the treatment and control, the time of the maximum stomatal conductance in the experiment was typically during the capacitive phase, while the maximum stomatal conductance in the control did not show any consistency.

*n*~t~=6, *n*~c~=4.

*n*~t~=7, *n*~c~=5.

Leaf water potential was, on average, ~~--~~1.37±0.48 MPa when stomatal closure started. This happened, on average, 139±49 min after the addition of the surfactant. Apparent hydraulic conductance was, on average, 95±29% of its original value when stomatal closure started, that is, stomatal closure started when the capacitive phase was over. A significant negative correlation was found between initial water potential and maximum apparent hydraulic conductance (*R*= --0.62, *n*=11, *P* \<0.05; not shown in [Table 2](#tbl2){ref-type="table"}), indicating that the capacitive effect was larger in magnitude when the seedling was initially closer to the cavitation threshold. The maximum apparent hydraulic conductance and leaf water potential, the minimum apparent hydraulic conductance, leaf water potential, and stomatal conductance were significantly different between treatment and control runs ([Table 2](#tbl2){ref-type="table"}). The initial conditions, for example, initial water potential, VPD, transpiration rate, and assimilation rate, did not significantly differ between treatment and control runs ([Table 2](#tbl2){ref-type="table"}).

Fresh wood xylem density above the double saw-cuts, determined after the measurement sequence, was, on average, 0.83±0.04 g cm^−3^ for the treated seedlings and 0.90±0.06 g cm^−3^ for the controls (U=20, *P*=0.088, *n*~t~=6, *n*~c~=4). Initial fresh wood xylem density (determined right after the cutting of the roots), at the bottom of the stem of the seedlings was 1.03±0.03 g cm^−3^. The leaf relative water content after the measurements tended to be smaller in the surfactant treated seedlings 75±20%, compared with the controls 94±7% (U=28, *P*=0.088, *n*~t~=7, *n*~c~=5).

Apparent hydraulic conductance, transpiration rate and leaf water potential varied somewhat in magnitude and dynamics amongst the different treatment runs, but the general trend was similar showing an initial increase in apparent hydraulic conductance, transpiration rate, and leaf water potential, followed by a decrease ([Fig. 2A--F](#fig2){ref-type="fig"}). Variation in the control runs was small and did not show any consistency ([Fig. 3A, F](#fig3){ref-type="fig"}). In all cases where the treatment run was continued for several hours, the apparent hydraulic conductance decreased practically to zero ([Fig. 4](#fig4){ref-type="fig"}), signifying 'run-away' cavitation. The apparent hydraulic conductance decreased slightly also in the control runs when the experiment was continued for several hours.

![Dynamics of the apparent hydraulic conductance for each treatment run (A), the averaged apparent hydraulic conductance with the 95% level confidence intervals (B), the transpiration rate for each treatment run (C), the averaged transpiration rate with the 95% level confidence intervals (D), the leaf water potential for each treatment run (E), and the averaged leaf water potential with the 95% level confidence intervals (F).](jexboterr349f02_lw){#fig2}

![Dynamics of the apparent hydraulic conductance for each control run (A), the averaged apparent hydraulic conductance with the 95% level confidence intervals (B) the transpiration rate for each experiment (C), the averaged transpiration rate with the 95% level confidence intervals (D), the leaf water potential for each control run (E), and the averaged leaf water potential with the 95% level confidence intervals (F).](jexboterr349f03_lw){#fig3}

![The apparent hydraulic conductance at the end of each run as a function of the duration of the run.](jexboterr349f04_ht){#fig4}

When data from all the runs was pooled together, no significant differences were found in the response of stomatal conductance to leaf water potential (*t*=0.467, df=284, *P*=0.641) ([Fig. 5A](#fig5){ref-type="fig"}), nor in the response of CO~2~ assimilation to stomatal conductance (*t*=1.193, df=318, *P*=0.234) ([Fig. 5B](#fig5){ref-type="fig"}) between treatment and control runs. Stomatal conductance was found to decrease with decreasing leaf water potential when leaf water potential was below a threshold value. When such a stepwise function with a linear decrease in stomatal conductance at low water potential was fitted to the data points, the best correlation coefficient (*R*^2^=0.34) was obtained when the threshold value for the decrease in stomatal conductance was set at --0.90 MPa.

![Stomatal conductance as a function of leaf water potential (A) and CO~2~ assimilation rate as a function of stomatal conductance (B). All values are normalized in relation to time zero. The line in (A) is the fitted stepwise function with a linear relation between stomatal conductance and leaf water potential below a threshold value and a constant term above the threshold value. The threshold value that resulted in the highest correlation coefficient corresponded to a leaf water potential of --0.9 MPa. The equation for the fitted line is thus (*G*=1.11 for *P* \> --0.90, and *G*=1.44+0.36*P* for *P* ≤ --0.9, where *G* is stomatal conductance).](jexboterr349f05_ht){#fig5}

Results from the model runs demonstrated similar patterns in leaf water potential and apparent hydraulic conductance as in the treatment runs, increasing after the addition of the surfactant and decreasing after the initial phase ([Fig. 6A](#fig6){ref-type="fig"}). In the model runs the transpiration rate was kept constant, so that changes in the apparent hydraulic conductance were solely due to changes in xylem water potential (except in the case of 'stomatal control' in [Fig. 6B](#fig6){ref-type="fig"}). The exact dynamics of leaf water potential and apparent hydraulic conductance was dependent on parameterization of the model. Peak value in the apparent hydraulic conductance was always reached at the transit time, that is, when the surfactant arrived in the needles. Increasing xylem volume (*V*) therefore delayed the peak in apparent hydraulic conductance and increased the duration of the capacitive phase ([Fig. 6B](#fig6){ref-type="fig"}). Larger hydraulic conductance (*k*) caused cavitation to progress slower, so the peak in the apparent hydraulic conductance was lower and the capacitive phase lasted longer ([Fig. 6B](#fig6){ref-type="fig"}). Reducing the elastic modulus (*E*~m~) resulted in slower changes in the apparent hydraulic conductance as the increased elasticity buffered changes in leaf water potential ([Fig. 6B](#fig6){ref-type="fig"}). Increasing *E*~m~ had only minor effect on the dynamics (not shown). The peak in the apparent hydraulic conductance became larger when transpiration rate increased (simulating stomatal opening) during the capacitive phase (see 'stomatal control' in [Fig. 6B](#fig6){ref-type="fig"}).

![Modelled apparent hydraulic conductance, PLC, and leaf water potential in a model simulation using a simplified version of the model of [@bib12]. The transpiration rate was kept constant in the model run (A). Modelled apparent hydraulic conductance when xylem conductance, xylem volume, bulk elastic modulus of the plant changes, or stomatal conductance is varied (B). *k* refers to the hydraulic conductance, *V* refers to xylem volume, and *E*~m~ refers to the plant bulk elastic modulus. These values are expressed in relation to the 'base case' value, that is, the value expressed in [Table 2](#tbl2){ref-type="table"}. The transpiration rate was kept constant in the model runs except in the case 'stomatal control', where transpiration rate was raised linearly between 135--165 min to 1.3 times its original value, and then decreased from this value linearly between 180--240 min to 0.1 times its original value.](jexboterr349f06_ht){#fig6}

Discussion
==========

Our results indicate that the stomata did not respond to cavitation directly. Stomatal closure was initiated only at water potentials typically observed in Scots pine (approximately --1.5 MPa; [@bib16]). However, the typical xylem water potential threshold value for the onset of cavitation did not hold in our experimental set-up as the surfactant had altered the vulnerability to cavitation, and thus rapid 'run-away' cavitation could not be prevented.

A temporary release of water stress due to cavitation was clearly observed in the experiment as the apparent hydraulic conductance increased shortly after the surfactant was added to the transpiration stream of Scots pine seedlings. The increase in apparent hydraulic conductance during the capacitive phase was mostly due to an increase in leaf water potential ([Table 2](#tbl2){ref-type="table"}). In most cases, stomatal conductance was also observed to increase concurrently with the increase in leaf water potential, and this was more pronounced when the initial leaf water potential was high, that is, when plant water status was good.

The duration of the capacitive phase was very short in the seedlings and, therefore, its physiological importance may only be marginal. However, the duration of the capacitive phase of cavitation would increase in a linear fashion in relation to the transit time of water in the xylem, which is equivalent to the total volume of water in the xylem divided by the whole plant transpiration rate ([@bib12]). Transpiration rate has been theoretically predicted ([@bib43]) and also experimentally confirmed ([@bib24]) to scale roughly to the power of three-quarters of total plant volume. Several studies have also confirmed the reliance on water stored within a tree to increase with increasing tree size (Meinzer *et al.*, 2001*b*; [@bib30]). The transit time of water was only slightly more than 1 h for the seedlings used in our experiment, judging both from the estimations of the total seedling transpiration rate and mass, and from the time it took for the apparent hydraulic conductance to reach its peak value in the experiments. A scaling exercise using the metabolic scaling theory ([@bib43]) reveals that the transit time (τ) is proportional to plant height (*L*), that is, τ×α×*L* (see [Supplementary data](http://jxb.oxfordjournals.org/cgi/content/full/err349/DC1) for the details at *JXB* online). Given a tree height of 50 cm and a transit time of 70 min in our experiment, the expected transit time in a 50 m tree would be expected to be approximately 15 d, if the average diurnal transpiration is assumed to be one-third of the peak transpiration rate (see [Supplementary data](http://jxb.oxfordjournals.org/cgi/content/full/err349/DC1) for details of the calculation at *JX*B online). This estimation agrees well with, for example, [@bib25]. The largest conifers have been shown to have transit times of well over one month ([@bib24]). This indicates that the capacitive phase could last between 100 to 1000 times longer in the largest trees in relation to our experiment. The capacitive phase could be even much prolonged during a drought when the transpiration rate decreases due to stomatal control ([@bib42]; [@bib30]; [@bib12]).

The variation in the dynamics between the individual treatment runs could be explained by the differences in the hydraulic conductance, environmental conditions, size of the seedlings, or changes in transpiration, as the model demonstrated. Differences in the localization of cavitation in stem of the seedlings, which was not studied by the model, could also have caused variation between the treatment runs. For example, the model predicted the peak of the apparent hydraulic conductance to be larger during the capacitive phase when the plant was initially closer to the threshold of cavitation (i.e. low initial hydraulic conductance and/or low initial water potential). This trend was also observed in the experiments.

The pattern of embolism formation in different parts of the hydraulic pathway or the exact cavitation vulnerability characteristics of our seedlings were not quantified directly. However, this should not be critical for the interpretation of the results since the decrease in the conductance of the whole hydraulic pathway, that is, the ratio of transpiration rate to leaf water potential, clearly demonstrated that a substantial proportion of the total hydraulic conductance had been lost. Results from the fresh wood xylem density measurements also indicated that substantial, but not complete, water loss had occurred from the xylem conduits in the stem above the saw-cuts. Another potentially very important location of cavitation in the experiment is the xylem of needles. Leaves are typically are more vulnerable to cavitation than stems ([@bib17]), and xylem in leaves typically represent a major proportion of the resistance in the water transport system ([@bib2]). In addition, the xylem of conifer needles apparently embolizes and refills on a daily basis ([@bib18]). As practically all hydraulic conductance was lost when the experiment was continued for several hours, it seems that the peripheral parts of the seedling could have cavitated more than the stem, as would also be expected according to the hydraulic segmentation theory ([@bib40]).

Lowering the surface tension would also be expected to result in the retrieval of stored water from the capillary spaces within the xylem and thus influence our results. However, previous studies ([@bib40]) have demonstrated that water from capillary spaces, for example, in intercellular spaces, is already withdrawn at much higher water potentials compared with those experienced in our study. The control runs also showed some variation in the apparent hydraulic conductance within the runs. There could be many reasons for this. It could be that the runs were not strictly in steady-state so that water storage/release ([@bib40]) occurred, or that some cavitation was occurring also in the control runs. The xylem hydraulic conductance could also have varied during the experiment due to changes in the xylem ionic concentration ([@bib45]).

It is also possible that the surfactant itself induced some other effects on the seedlings. The surfactant used (Tween 80) may have increased the viscosity of the xylem sap slightly (by a few per cent) ([@bib36]; [@bib21]) thus making the capacitive effect during cavitation even larger than it would appear from our results as a rise in viscosity would have contributed to a decrease in hydraulic conductance (*k*) after the surfactant was added. The similar behaviour in stomatal conductance and CO~2~ assimilation rate ([Fig. 5](#fig5){ref-type="fig"}) amongst surfactant-treated and control seedlings indicates that neither photosynthesis nor stomatal control was directly affected by the surfactant.

To our knowledge, this is the first time that the temporary water potential increase due to cavitation has been directly measured. In fact, it might not even be possible to have cavitation during increasing water potential when, simultaneously, the surface tension remains constant, which it did not in our case. This is because increasing water potential should prevent further cavitation from occurring ([@bib13]). A rise in the apparent hydraulic conductance, however, can occur simultaneously with the progression of cavitation even in normal, constant surface tension conditions.

A change in the surface tension of xylem sap may also occur in natural conditions. Recently, surface tension was shown to be reduced by up to 27% below that of pure water in the xylem sap extracted from branches of *P. tremuloides* ([@bib5]). The development of embolism ([@bib41]), and the subsequent cause of mortality in Scots pine infected with the pine wilt disease is also the same as in our experiments: lowered surface tension in the xylem caused by volatile organic compounds emitted in defence against the pathogens, which ultimately resulted in 'run-away' cavitation ([@bib19]). A similar fate has also been observed in various spruce species infected by blue-stain fungi ([@bib20]). Importantly, our results indicate that, if xylem vulnerability to cavitation is altered, the stomata might be unable to respond to the loss of hydraulic conductance and prevent lethal 'run away' cavitation.

Supplementary data
==================

[Supplementary data](http://jxb.oxfordjournals.org/cgi/content/full/err349/DC1) can be found at *JXB* online.

[Supplementary data S1.](http://jxb.oxfordjournals.org/cgi/content/full/err349/DC1) Model description.

[Supplementary data S2.](http://jxb.oxfordjournals.org/cgi/content/full/err349/DC1) Scaling of transit time to plant height according to the metabolic scaling theory.
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